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Schemes for creation of N particle entangled Greenberger-Horne-Zeilinger (GHZ) states are im-
portant for understanding multi-particle non-classical correlations. Here, a theoretical scheme for
creation of a multi-particle GHZ state implemented on a target ensemble of N, Λ three-level Ry-
dberg atoms and a single Rydberg atom as a control using Stimulated Raman Adiabatic Passage
(STIRAP) is presented. We work in the Rydberg blockade regime for the ensemble atoms induced
due to excitation of the control atom to a high lying Rydberg level. It is shown that using STIRAP,
atoms from one ground state of the ensemble can be adiabatically transferred to the other ground
state, depending on the state of the control atom with high fidelity. Measurement of the control
atom in a specific basis after this conditional transfer facilitates one-step creation of a N particle
GHZ state. A thorough analysis of adiabatic conditions for this scheme and the influence of radiative
decay from the excited Rydberg levels is presented. We show that this scheme is immune to the
decay rate of the excited level in ensemble atoms and provides a robust way of creating GHZ states.
PACS numbers: 42.50-p, 03.67.-a, 32.80.Rm
I. INTRODUCTION
The multi-particle entangled Greenberger-Horne-
Zeilinger (GHZ) state shows unique non-local correla-
tions which are essential for understanding the funda-
mental principles of quantum entanglement [1, 2] and
has important applications in quantum information pro-
tocols [3, 4]. Many ingenious schemes for creation of
GHZ states in atomic systems have been previously pro-
posed using a multi-step or a single-step process [5–7]. In
this paper we present a single-step scheme for GHZ state
creation employing Rydberg dipole blockade and Stim-
ulated Raman Adiabatic Passage (STIRAP) [8, 9] using
a single control atom and an ensemble of target atoms.
Rydberg states which are high lying atomic levels, when
excited, exert long range dipole forces on the atoms in
its vicinity, effectively blocking excitation of more than
two atoms to the same Rydberg state [7, 10]. This phe-
nomenon of ‘dipole blockade’ provides an atomic control
that acts on multiple atoms at the same time, which is
necessary for generating entanglement between the atoms
of the ensemble within the blockade radius. Approaches
to create a multi-particle GHZ state by using Electro-
magnetically Induced Transparency and adiabatic pas-
sage along with Rydberg blockade have been previously
studied [5, 11, 12]. Fidelity of the GHZ states obtained
at the end of these protocols is an important parameter
to consider. Because of radiative decay from the excited
Rydberg states of the ensemble atoms, the fidelity of the
GHZ states obtained in these schemes is adversely af-
fected [7].
Here we propose a different theoretical scheme to realize
the creation of a multi-particle GHZ state in an ensem-
∗ tanvipg@umich.edu
ble of Λ three-level Rydberg atoms which is robust to
radiation decay from the excited Rydberg levels of the
ensemble atoms. In this setup, the control atom and the
ensemble of the target atoms are assumed to be indepen-
dently addressable. This can be achieved by storing them
in two separate trapping potentials in close proximity or
in a lattice where the control atom can be efficiently ad-
dressed. This setup is similar to what has been discussed
in the proposal by Muller et. al. [5].
The control atom has a three level structure as is shown
in Fig. (1a). The two metastable levels |0〉 and |1〉 deter-
mine the state of the control atom. Level |0〉 is connected
to the excited Rydberg level |R〉 via a control pulse with
Rabi frequency given by Ωc(t).
Level |1〉 is chosen such that dipolar transitions be-
tween |1〉 and |0〉 as well as |R〉 are forbidden. An en-
semble having N target Rydberg atoms is considered to
be within the blockade radius of the excited control atom.
The level structure of the ensemble atoms and the corre-
sponding pulse sequence acting on them is shown in Fig.
(1). Every ensemble atom has two metastable ground
states, namely, |g〉 and |s〉 and one Rydberg excited level
|r〉. All the ensemble atoms are initiated in the |g〉 state.
This GHZ state creation protocol begins with a control
pi pulse having Rabi frequency Ωc(t) which is used to ex-
cite the control atom. If the control atom is in state |1〉,
the control pulse has no effect. On the other hand, if
it is in state |0〉, with the action of the control pi pulse,
the atom is excited to the Rydberg level |R〉. Due to the
long range dipole-dipole interactions between the excited
Rydberg level |R〉 and Rydberg levels |r〉, the target en-
semble Rydberg levels undergo energy level shift given
by a frequency ∆. In the absence of this energy shift,
the condition for adiabatic population transfer of the en-
semble atoms from the ground state |gN 〉 = ⊗Nj=1|g〉j to
|sN 〉 = ⊗Nj=1|s〉j via the counter-intuitive STIRAP pulse
sequence Ωs(t) and Ωg(t) [Fig. (1)] is satisfied. The pa-
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2(a) Atomic level structure (b) Pulse Scheme
FIG. 1. (a)The atomic level structure of the control atom
and the target ensemble atoms: The control atom has two
metastable states |0〉 and |1〉. The level |0〉 interacts with the
excited Rydberg level |R〉 via Rabi frequency Ωc(t). δR is the
detuning between the carrier frequency of the light pulse and
the frequency of transition between the levels |0〉 and |R〉.
The level |1〉 is isolated from the other levels. Each target
atom has a Λ type level structure with two metastable states,
|g〉 and |s〉. They interact with the excited Rydberg level
|r〉 via Gaussian pulses having Rabi frequencies Ωg(t) and
Ωs(t) respectively. The detuning for both the pulses is given
by δ. (b) The pulse sequences: This protocol begins with a
Gaussian [Ωc(t)] pi pulse having a standard deviation given by
Tc to take the control atom from |0〉 to |R〉. It is then followed
by counter-intuitive STIRAP pulse sequence with Gaussian
profiles, each having T ( Tc) standard deviation. τ is the
time interval between the peaks of these two STIRAP pulses.
Finally, another control pi pulse is used to bring the control
atom back to state |0〉.
rameters of the system are set up in such a way that
when the control atom is excited to |R〉, the induced en-
ergy shift ∆ in the ensemble atoms disrupts the STIRAP
condition for population transfer from |gN 〉 to |sN 〉. Due
to the added detuning the population remains in the state
|gN 〉 after the application of the STIRAP pulses. Finally,
another control pi pulse is used to bring the control atom
back to the original state. When the control atom is
prepared in the 1√
2
(|0〉 + |1〉) superposition state at the
beginning of the protocol and finally measured in the su-
perposition basis, the ensemble atoms get projected to a
N particle GHZ state.
If the conditions for STIRAP are met, the instantaneous
eigenstate occupied by the ensemble atoms has no contri-
bution from the level |r〉 at all times. Hence, this protocol
is insensitive to the radiative decay losses from the ex-
cited Rydberg level of the ensemble atoms.
Let us now analyze this scheme in detail and study the
dependence of the STIRAP transfer conditions on the
parameters of the system. In Sec. II we discuss the dy-
namics of the control atom. This is followed by the dis-
cussion of the transfer mechanism in the target atoms and
the adiabaticity conditions required for efficient transfer
in Sec. III. Numerical simulations of this protocol for re-
alistic parameters are then presented in Sec. IV . In Sec.
V we conclude the discussion.
II. THE CONTROL ATOM
Hamiltonian for the control atom interacting with the
classical control field in the field interaction represen-
tation with the rotating wave approximation (RWA) is
given below:
HC(t)
~
= δR|R〉〈R|+ Ω
∗
c(t)
2
|0〉〈R|+ Ωc(t)
2
|R〉〈0| (1)
The energy levels are measured relative to the ground
state energy ~ω0 = 0. In Eq. (1), δR ≡ ωR − ωc is the
detuning between the frequency of transition from |0〉 to
|R〉 (denoted by ωR) and the optical frequency of the
control pulse, ωc. As noted previously, Ωc(t) is the Rabi
frequency of the control pulse with a Gaussian temporal
profile given below.
Ωc(t) = Ωc0 exp
[− (t− τc)2
2T 2c
]
(2)
We will assume Ωc0 to be real in all the calculations here
after. The level |1〉 is isolated from the levels |0〉 and |R〉.
For δR = 0, on solving the Schrodinger’s equation for a
general wave-function, |Ψ(t)〉 = c0(t)|0〉+ cR(t)|R〉, with
|c0(−∞)| = 1, we get:
|c0(∞)|2 = cos2 Θ (3)
|cR(∞)|2 = sin2 Θ (4)
Θ ≡
∫ ∞
−∞
Ωc(t
′)
2
dt′ = Ωc0Tc
√
pi
2
(5)
For complete transfer of population from |0〉 to |R〉
state, Θ should be an odd multiple of pi2 . Thus, we need:
Ωc0Tc = (2p+ 1)
√
pi
2
, p ∈ Z (6)
To check for the robustness of this transfer against vari-
ations in the Rabi frequency, we look at the derivative of
|cR(∞)| wrt Ωc0.
∂|cR(∞)|
∂Ωc0
= −Tc
√
pi
2
cos(Ωc0Tc
√
pi
2
) (7)
Eq. (7) implies that smaller values of Tc provide more
robustness against variation in Ωc0. For δR 6= 0, analytic
solution for Gaussian form of the Rabi frequency is dif-
ficult to derive. Hence, we will look at the dependence
of |cR(∞)|2 on different values of Ωc0, δR and Tc numer-
ically in Fig. (2). For the value of Tc = 0.1T , where T is
the standard deviation of the Gaussian STIRAP pulses,
we see from Fig. (2a) that the population gets com-
pletely transferred to the |R〉 state when Ωc0T = 6.2 and
δRT = 0. From Fig. (2b), we see that there are multiple
periodic values of Ωc0T for which complete population
transfer to the excited level can be achieved via a pi pulse
as expected from Eq. (6) for Tc = 1T . As δRT becomes
larger, the fraction of population in the excited state de-
creases and eventually becomes zero. The effect of larger
3(a) Tc = 0.1T (b) Tc = 1T
FIG. 2. (a) The coefficient of population in state |R〉 trans-
ferred from |0〉, |cR(∞)|2, due to the control pi pulse is plotted
as a function of scaled detuning δRT and scaled peak control
Rabi frequency Ωc0T for a value of Tc = 0.1T . (b) Same as
plot (a) but for value of Tc = 1T . We see that smaller values
of Tc are more robust to variations in detuning and peak Rabi
frequency.
values of δRT is more prominent for larger values of Tc.
As derived in Eq. (7), we see that smaller values of Tc
provide more robust transfer against variations in Ωc0
and δR.
III. THE TARGET ENSEMBLE
In this section, we will derive the conditions that are
necessary to maintain adiabatic transfer of the ensemble
atoms from |gN 〉 to |sN 〉 when the control atom is in state
|1〉 and to remain in the state |gN 〉 when the control atom
is in the |0〉 state. The Hamiltonian for ensemble atoms
interacting with the counter-intuitive STIRAP pulse se-
quence in the RWA is given below:
HT (t)
~
=
N∑
j=1
[
(ω0r − δg)|g〉j〈g|+ (ω0r − δs)|s〉j〈s|
]
+
N∑
j=1
[Ω∗g(t)
2
e−iω
0
rt|g〉j〈r|+ Ω
∗
s(t)
2
e−iω
0
rt|s〉j〈r|
+h.c.
]
(8)
In Eq. (8), ~ω0r is the energy of the excited level |r〉. For
the energy of states |g〉 and |s〉 denoted by ~ω0g and ~ω0s
respectively, δg(s) = ω
0
r−ω0g(s)−ωg(s) are the detunings of
these levels wrt to the optical frequencies ωg and ωs of the
STIRAP pulses shown in Fig. (1b). The corresponding
Rabi frequencies Ωg(t) and Ωs(t) are defined as follows:
Ωg(t) = Ω exp
[− (t− τ2 )2
2T 2
]
(9)
Ωs(t) = Ω exp
[− (t+ τ2 )2
2T 2
]
(10)
In Eqs. (9)-(10), Ω is the peak Rabi frequency of the
Gaussian STIRAP pulses, τ is the time separation be-
tween the peaks of the two pulses and T is the standard
deviation. We can simplify the Hamiltonian in Eq. (8)
by setting ω0r = 0 and assuming two photon resonance
condition for the system i.e. δg = δs = δ [8]. Boost-
ing the energy of all the levels by δ, we get the modified
Hamiltonian for the target ensemble as:
HT (t)
~
=
N∑
j=1
[δ
2
|r〉j〈r|+
Ω∗g(t)
2
|g〉j〈r|+ Ω
∗
s(t)
2
|s〉j〈r|
+h.c.
]
(11)
We will restrict the set of basis states for the analysis of
this system to a set containing only one Rydberg level
excitation by assuming that all the atoms are within the
Rydberg blockade radius of each other. We can rewrite
the Hamiltonian in Eq. (11) in the symmetric Fock state
basis set defined by:
Σµ,ν =
∑
j
|µ〉j〈ν| = a†µaν ; (12)
|gN−n; sn; r0〉 =
√
(N − n)!
N !n!
Σns,g|gN 〉 (13)
|gN−n−1; sn; r1〉 =
√
(N − n− 1)!
N !n!
Σns,gΣr,g|gN 〉 (14)
There are in all (2N+1) states in this basis set, namely,{|g; s; r〉N} = {|gN ; s0; r0〉, .., |gN−n; sn; r0〉, ..|g0; sN ; r0〉,
|gN−1; s0; r1〉, .., |gN−n−1; sn; r1〉, ..|g0; sN−1; r1〉}
(15)
As a short hand notation, we use |gN 〉 ≡ |gN ; s0; r0〉 and
|sN 〉 ≡ |g0; sN ; r0〉. The corresponding Hamiltonian in
the Fock number basis is then:
HT (t)
~
= δσ+r σ
−
r +
[Ω∗g(t)
2
a†gσ
−
r +
Ω∗s(t)
2
a†sσ
−
r + h.c.
]
(16)
Where:
σ+r |r0〉 = |r1〉 σ−r |r0〉 = 0 (17)
σ−r |r1〉 = |r0〉 σ+r |r1〉 = 0 (18)
Using the properties of block tri-diagonal matrices it can
be shown that the Hamiltonian in Eq. (16) when ex-
pressed as a matrix in the basis set defined by Eq. (15)
always has one eigenvalue as 0. The characteristic equa-
tion for this Hamiltonian is invariant when δ → −δ and
the eigenvalue λ → −λ. This structure implies that the
other 2N eigenvalues are symmetrically placed around
the eigenvalue 0. With the following new definitions
given in Eqs. (19)-(20), we are set to explore the eigen-
structure of this system.
Ω0(t) ≡
√
Ω2g(t) + Ω
2
s(t) (19)
tan θ(t) ≡ Ωg(t)
Ωs(t)
; tanϕ(t) ≡ Ω0(t)
δ
(20)
On solving for the eigenvalues of this system, we find
4(a) |cs(∞)|2 (b) |cs(∞)|2 + |cg(∞)|2
(c) |cs5 (∞)|2 (d) |cs5 (∞)|2 + |cg5 (∞)|2
FIG. 3. (a) Co-efficient of population in state |s〉 for a target
ensemble with 1 atom after the application of STIRAP pulses
as a function of the scaled peak Rabi frequency ΩT and scaled
detuning δT for τ = 1.4T .(b)Total population in the state |s〉
and |g〉 after the STIRAP pulses for a single target atom as
a function of ΩT and δT . (c) Same as plot (a) but for a
target ensemble of 5 atoms. (d) Same as plot (b) for N = 5
atoms. We see that as the number of target atoms goes up,
the parameter space for adiabatic transfer from |gN 〉 to |sN 〉
or no transfer gets modified as per the conditions derived in
Eqs. (34)-(36)
that the non-zero eigenenergies are:
EN±n =
~Ω0(t)
2
[cotϕ(t)±
√
n+ cot2 ϕ(t)], n = 1, .., N
(21)
The corresponding eigenstates are be denoted by |λN±n〉.
The eigenstate with eigenenergy 0 is given as:
|O(t)〉 =
N∑
n=0
(−1)N−nαNn (t)|gN−n; sn; r0〉 (22)
αNn (t) =
√
N !
n!(N − n)! cos
N−n(θ(t)) sinn(θ(t)) (23)
State |O(t)〉 is the N particle STIRAP state. As t→ −∞,
|O(−∞)〉 = |gN 〉 and t → ∞, |O(∞)〉 = |sN 〉. If this
system evolves adiabatically, then the population of the
target ensemble can be coherently transferred from |gN 〉
to |sN 〉. This eigenstate with eigenvalue 0 has no con-
tribution from the excited level |r〉 for any number of
ensemble atoms at all times. It is also independent of
the detuning δ. In the STIRAP process our aim is to
keep the target ensemble in the instantaneous eigenstate
|O(t)〉 at all times. Adiabatic population transfer along
this eigenstate implies that this protocol is insensitive
to the spontaneous emissions from the excited level |r〉.
This is a key feature of this scheme which provides us
with a robust mechanism of population transfer even in
the presence of decay. Numerical studies in the presence
of decay are described in Sec. IV.
The condition for maintaining adiabatic transfer along
the |O(t)〉 state is summarized by the adiabaticity crite-
rion discussed in [13] given as:∑
m6=0
∣∣~〈m|O˙(t)〉
E0 − Em
∣∣ 1 (24)
In the above Eq. (24), E0 is the eigenenergy of the eigen-
state |O(t)〉 and the sum is taken over all the other eigen-
states |m〉 with eigenenergies Em.
From here onwards, we will assume Ω to be real. On an-
alyzing the eigenstates |λN±1〉 corresponding to eigenener-
gies EN±1, we find that the projection of state |λN±1〉 onto
the |r0〉 subspace is co-linear with |O˙(t)〉:
〈λN+1(t)|O˙(t)〉 =
θ˙(t)
√
N sin(ϕ(t)2 )
cot(ϕ(t)2 )
(25)
〈λN−1(t)|O˙(t)〉 =
−θ˙(t)√N cos(ϕ(t)2 )
tan(ϕ(t)2 )
(26)
The eigen-structure is such that for any value of N, all the
eigenstates except the zeroth eigenstate have non-zero
projections in the |r1〉 subspace. From the orthonormal-
ity properties of the eigenvectors we can deduce that:
〈λN±n|Pr0P †r0 |λN±m〉 = 〈λN±n|Pr1P †r1 |λN±m〉 = 0 ∀ n 6= m
(27)
Here, P †r0 and P
†
r1 are projection operators for the |r0〉
and |r1〉 subspace respectively. From the above deduc-
tion we can conclude that only the |λN±1〉 eigenstates con-
tribute to the sum in Eq. (24). On simplifying the adia-
batic condition we get:
θ˙(t) Ω0(t)
2
√
N
f(ϕ(t)) (28)
f(ϕ(t)) =
sin ϕ(t)2 cos
ϕ(t)
2
sin3 ϕ(t)2 + cos
3 ϕ(t)
2
(29)
Substituting the expressions for Ω0(t) and θ˙(t) in Eq.
(28), the adiabaticity condition is rewritten in Eq. (30).
Here, we have scaled all the variables with T , thus, Ω˜ ≡
ΩT , τ˜ ≡ τT and similarly δ˜ and t˜.
1
√
2
N
Ω˜
τ˜
exp (− (t˜
2 + τ˜
2
4 )
2
) cosh3/2(t˜τ˜)f(ϕ(t˜))(30)
Since, the Rabi frequencies and detuning are positive,
0 ≤ ϕ(t) < pi2 . The function f(ϕ(t)) is a monotonically
increasing function of ϕ(t) in this range. For the strictest
5adiabaticity condition, we should choose the limit when
ϕ(t)→ 0. In this limit, f(ϕ(t)) = Ω0(t)√
2δ
, given δ  Ω0(t).
On the other hand, when ϕ(t)→ pi2 , we get f(ϕ(t)) = 1√2
with δ → 0. For the duration of population transfer, i.e.
when Ω0(t˜) is considerably large, the t˜ dependence of the
RHS of Eq. (30) varies from being singly peaked with
maximum at t˜ = 0 till τ˜ is increased from 0 to about
1.4 to being doubly peaked as τ˜ is increased further with
a minimum at t˜ = 0. It is thus sufficient to study the
Eq. (30) at t˜ = 0 for all values of τ˜ . Incorporating the
above simplifications, the adiabaticity condition now is
given as:
1 Ω˜
2
√
Nτ˜ δ˜
exp (− τ˜
2
4
) when δ˜  Ω˜ (31)
It is worthwhile to keep in mind that when δ → 0, this
condition becomes:
1 Ω˜√
Nτ˜
exp (− τ˜
2
8
) (32)
Note the dependence of the adiabaticity conditions in
Eq. (31) and Eq. (32) on the number of atoms in the
ensemble. The condition for adiabatic transfer along the
|O〉 eigenstate becomes stricter by √N for an ensemble
of N atoms. The optimum value of τ can be obtained
numerically. When all other parameters are fixed, the
condition δ˜  Ω˜2 for the adiabatic transfer is similar to
what was proved by Vitanov and Stenholm in 1997 [14]
for a single atom case.
Let us now understand the condition required for the
atomic population to remain in the state |gN 〉 when the
added detuning due to Rydberg dipole-dipole interaction
is introduced. For a single atom case, as long as δ˜ 
Ω˜, we can reduce the three level system to a two level
system. In this case, the condition for adiabatic transfer
from |g〉 to |s〉 is simply δ˜  Ω˜2, ignoring the effects of
τ˜ . On the other hand, the condition to remain in the
|g〉 state is Ω˜2  δ˜ which is obtained by making the
effective coupling between levels |g〉 and |s〉 small [14].
This situation changes a little in the presence of more
than one atom. In this case, when we enforce that the
effective couplings are kept small, the condition for the
ensemble state to remain in the state |gN 〉 is modified to:
√
N Ω˜2  δ˜ when Ω˜ δ˜ (33)
Thus, we can conclude that for the ensemble state to
be transferred to |sN 〉 state from the initial state |gN 〉,
assuming τ˜ is fixed, we must have:
δ|1〉  Ω˜
2
√
N
when δ˜|1〉  Ω˜ (34)
1 Ω˜√
N
when δ˜|1〉 → 0 (35)
Also, for the ensemble state to remain in the |gN 〉 state,
we must have:
δ|0〉 
√
N Ω˜2 when δ˜|0〉  Ω˜ (36)
In the above equations δ˜|0〉 and δ˜|1〉 are the detunings of
ensemble atoms when the control atom is in state |0〉 and
|1〉 respectively. For our protocol to work efficiently, our
system should satisfy the conditions given in Eq. (34)
or Eq. (35) along with Eq. (36). Thus, we can take
δ˜|0〉 = δ˜|1〉 + ∆˜.
To understand the implications of the adiabaticity con-
ditions derived in this section, we numerically evolve the
Hamiltonian for the ensemble atoms given in Eq. (16)
for different values of ΩT and δT . In Fig. (3) we plot the
population of ensemble atoms in state |sN 〉 for N = 1
and 5 denoted by the co-efficient |csN (∞)|2. To com-
pare this with the population that remained in the ini-
tial state |gN 〉, we plot the total population in the states
|sN 〉 and |gN 〉 after the completion of the protocol. This
sum is denoted as |cgN (∞)|2 + |csN (∞)|2. For N = 1,
we see from Fig. (3a), the population gets completely
transferred to |s〉 state for Ω˜2  δ˜. It is clear from Fig.
(3b), there is only a small portion of the parameter space
when Ω˜ ≈ δ˜ < 3 where adiabatic transfer of population
as described above does not take place for N = 1. This
situation changes as the number of atoms in the target
ensemble increases since more intermediate states now
become available. For N = 5, as seen from Fig. (3c), the
condition for adiabatic transfer from |g5〉 to |s5〉 becomes
stricter compared to that for N = 1. Portions of the pa-
rameter space defined by Ω˜ and δ˜ open up where the adi-
abaticity conditions fail. This region clearly divides the
parameter space into two sections, one which allows the
adiabatic transfer of population from |gN 〉 to |sN 〉 with
high fidelity marked out by the condition Ω˜2  √Nδ˜
and the other where population remains in |gN 〉 with unit
probability. The Rydberg-Rydberg interaction between
the control and the ensemble atoms provides a tunable
mechanism to increase or decrease the effective value of
δ˜ such that the target atoms are always in either of these
two high fidelity transfer regions subject to the state of
the control atom.
IV. NUMERICAL RESULTS
Before we start analyzing the numerical simulations for
the control and target system together, let us introduce
the effect of decoherence due to spontaneous emissions
from the excited Rydberg states for the control atom and
the target ensemble.
Assuming no collisions, the master equation for the den-
sity matrix, ρ, with M number of spontaneous emission
decay channels is given below:
ρ˙ =
i
~
[ρ,H] + Lˆ(ρ) (37)
Lˆ(ρ) = −1
2
M∑
m=1
(C†mCmρ+ρC
†
mCm)+
M∑
m=1
CmρC
†
m(38)
6FIG. 4. The population in level |sN 〉 after the STIRAP pulses
for different number of atoms in the target ensemble, N, and
varying spontaneous emission rate ΓrT . The value of de-
tuning δT = 0, ΩT = 9.5 and τ = 1.4T . We see that the
population transfer does not depend on the decay rate signif-
icantly and has values higher than 0.99 for typical range of
ΓrT ≈ 0.01 ∼ 0.1
For the control atom, we have only one decay channel
with the decay rate Γ0R, namely,
Cˆ0R =
√
Γ0R|0〉〈R| (39)
For the target ensemble atoms, there are two decay chan-
nels with rates Γgr and Γsr defined as:
Cˆgr =
√
Γgr|g〉〈r| (40)
Cˆsr =
√
Γsr|s〉〈r| (41)
In the forth coming numerical calculations, we have cho-
sen Γgr = Γsr ≡ Γr. It is straight-forward to extend the
master equation calculations for a system with more than
one target atom using the Fock number state basis.
We will first study the effect of decay due to spontaneous
emissions on the target ensemble with different number
of atoms. We choose the value of T = 1µs and τ˜ = 1.4
for all the numerical results here after. From Fig. (4),
we see that even for an ensemble of about ten atoms, the
population transferred to the |sN 〉 state from the |gN 〉
state is greater than 99% for realistic values of Rydberg
level spontaneous emission rates of about Γr ≈ 0.01 ∼ 0.1
MHz. As discussed above, we see that the spontaneous
emissions from the Rydberg excited levels of the target
ensemble atoms do not affect this protocol which makes
it a very robust scheme.
Having laid the groundwork we will now look at the sim-
ulation of GHZ state creation. The total Hamiltonian for
this system is:
HTot(t) = HC(t) +HT (t) + ~∆|R〉σ+r σ−r 〈R| (42)
The expressions for HC(t) and HT (t) are given in the Eq.
(1) and Eq. (16) respectively. The interaction between
the target ensemble and the control atom is introduced
via the last term in Eq. (42) with the interaction strength
FIG. 5. Implementation of the protocol for N=5: Time evo-
lution of the squared co-efficients of |0〉|gN 〉, |0〉|sN 〉, |1〉|gN 〉
and |1〉|sN 〉 under the influence of the Hamiltonian in Eq.
(42) with the initial condition 1√
2
(|0〉+ |1〉)|gN 〉. Chosen pa-
rameters: Ωc0T = 6.2, δRT = 0, Tc = 0.1T , ΩT = 5, δT = 0,
τ = 1.4T , ∆T = 500, ΓrT = ΓRT = 0, τc = τ + 4(T + Tc).
given by frequency ∆.
We solve the Schrodinger equation numerically in the ba-
sis set
{|0〉, |1〉, |R〉} ⊗ {|g; s; r〉N} defined in Eq. (15)
with the Hamiltonian defined by Eq. (42) for the con-
trol atom in the initial state, 1√
2
(|0〉 + |1〉) and the en-
semble atoms initiated in the |gN 〉 state. In Fig. (5) we
have plotted the modulus squared of the co-efficients cor-
responding to the components |0〉|gN 〉, |0〉|sN 〉, |1〉|gN 〉
and |1〉|sN 〉 of the wave-vector as it evolves with time
in the absence of any decay from the excited levels of
the control and the target atoms. The final state ob-
tained after measuring the control atom in 1√
2
(|0〉+ |1〉)
state has a fidelity of 0.97 with respect to the GHZ state
|φ〉 = 1√
2
(|gN 〉 + |sN 〉) for a target ensemble with N =
5 atoms and having the interaction strength ∆˜ = 500.
Note that for this simulation, T = 1µs, which means
that the entire operation takes only about 15-20µs. Typ-
ical excited Rydberg level lifetimes for n & 60 are of the
order of 100 µs [15]. Since the current time of gate op-
eration is much less compared to the excited level life-
time, we can improve the fidelity by increasing the value
of ∆˜ without necessarily exciting the Rydberg atoms to
much higher levels by simply increasing the width of the
STIRAP pulses. In Fig. (6), we plot the fidelity of the
obtained final ensemble state wrt to the GHZ state |φ〉
as a function of the interaction strength ∆˜ for a target
ensemble having 1 and 5 atoms. The fidelity for a single
target atom is above 98% for ∆˜ of 100 or more. On the
other hand the fidelity of the target ensemble is 98% and
higher for values of ∆˜ = 600 and above.
As we have already seen, the spontaneous emission from
the excited levels of the target atoms do not affect this
protocol as long as the adiabaticity conditions are sat-
isfied. What about the spontaneous emission from the
excited level of the control atom? In Fig. (7) we show
the decrease in the fidelity of the final density matrix
wrt the state |φ〉 for the same initial conditions as above
due to the decay from the |R〉 level. This plot shows the
7FIG. 6. The fidelity of the final ensemble state wrt to |φ〉 for
N= 1 and 5 as a function of the interaction strength ∆T with
the initial condition 1√
2
(|0〉 + |1〉)|gN 〉. Parameters used in
the simulation: Ωc0T = 6.2, δRT = 0, Tc = 0.1T , δT = 0,
τ = 1.4T , ΓrT = ΓRT = 0, τc = τ + 4(T + Tc)
FIG. 7. Fidelity of the target ensemble density matrix after
measurement of the control atom in the superposition state
measured wrt to the state |φ〉 with N = 1 and 5 for different
values of ΓRT = ΓrT numerically evaluated with the initial
condition 1√
2
(|0〉+ |1〉)|gN 〉. Parameters: Ωc0T = 6.2, δRT =
0, Tc = 0.1T , δT = 0, τ = 1.4T , ∆T = 200 for N = 1,
∆T = 500 for N = 5, τc = τ + 4(T + Tc)
decay rate for the target ensemble having a single atom
and 5 atoms with Ω˜ = 3.5, ∆˜ = 200 and Ω˜ = 5, ∆˜ = 500
respectively and δ˜ = 0. As expected the rate of the de-
cay is same for both the cases since the number of target
atoms does not influence it. The fidelity is seen to drop
to a value of 97% from 99% for a single atom target en-
semble when the value of ΓrT increases to 0.01, whereas
for the target ensemble with 5 atoms, the fidelity drops
from 97% to 95%.
It is possible to compensate for the losses due to spon-
taneous emission from the control atom by exciting it to
higher Rydberg levels. This would serve the dual pur-
pose of providing longer excited level lifetimes as well as
stronger Rydberg dipole interaction strength [7], which
would in turn improve the overall fidelity of the protocol.
V. CONCLUSION
In conclusion, we have presented here a protocol
to create N particle GHZ state with a single control
atom and an ensemble of N target atoms based on the
principles of Rydberg dipole blockade and STIRAP. We
have discussed the conditions under which adiabatic
transfer of the target ensemble population from one
ground state to the other is facilitated subject to the
state of the control atom. The biggest advantage of this
scheme is that it is not affected by the decay from the
excited Rydberg levels of the target ensemble atoms as
long as the conditions for adiabatic transfer are satisfied.
Spontaneous emission from the excited Rydberg level
of the control atom leads to decrease in the fidelity of
the protocol. This can be controlled for by exciting
the control Rydberg atom to higher principal quantum
number.
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